Abstract This study identifies four new IL-17A/F isoforms in salmonids, as well as IL-17N. IL-17A/F1 and IL-17A/F2 are each represented by two paralogues, with a predicted pseudogene of IL-17N also apparent in the salmonid genome. Analysis of the sequences and genes of the known IL-17A/F and IL-17N molecules suggests that IL-17N is a member within the IL-17A/F subfamily. Analysis of factors that modulated the expression of these genes showed that PHA and PMA were good inducers of salmon IL-17A/F1a and IL-17A/F2a, with rIL-21 a potent stimulator of IL-17A/F1a and IL-17A/F3. The potential involvement of these isoforms during responses post-vaccination and infection was also studied. In unvaccinated control fish, Yersinia ruckeri infection resulted in a marked up-regulation of IL-17A/F1a and IL-17N in the spleen and head kidney and IL-17A/F2a and IL-17A/F3 in the spleen. In the vaccinated fish, only one significant increase was seen relative to control fish, of IL-17A/F2a in the gills, whether the fish were challenged with Y. ruckeri or given the saline placebo. It was also apparent in the gills and head kidney that the level of IL-17A/F1b remained elevated in the Y. ruckeri-challenged fish at a time when it had decreased in saline-injected fish. The relative importance of these isoforms for disease resistance remains to be determined.
Introduction
IL-17 (IL-17A) was discovered in 1993 and is the founding member of the IL-17 family of cytokines that also includes IL-17B, IL-17C, IL-17D, IL-17E (IL-25) and IL-17F. It has the highest homology (47 % identity) to IL-17F and is adjacent to this gene in the mammalian genome (chr 6p12 in humans) (Antonysamy and Numasaki 2003) . IL-17 is a proinflammatory cytokine that mediates host defence against extracellular pathogens, and is responsible for eliciting antimicrobial proteins and neutrophil chemoattractants. In mammals, γδ T cells are the main source of IL-17 in naïve animals (McAleer and Kolls 2014) , although IL-17 is also released from innate lymphoid cells (ILC3 cells) at mucosal surfaces (Jones et al. 2012) and even from B cells (León and Lund 2013) in an antigenindependent manner. When the innate responses are not sufficient to clear an infection, then CD4+ T cells come into play, with IL-17 released in large quantities from T helper 17 (Th17) cells to direct responses in an antigen-specific manner (McAleer and Kolls 2014) .
The IL-17 family of cytokines is known to be ancient, with members present in invertebrates Vizzini et al. 2015) as well as vertebrates. Within fish, homologues of IL-17D have been found in the jawless lamprey, where they are produced by VLRA lymphocytes in response to T cell mitogens (Guo et al. 2009) , and in the skin upon LPS stimulation (Tsutsui et al. 2007 ). In cartilaginous fish, several IL-17 family Electronic supplementary material The online version of this article (doi:10.1007/s00251-015-0838-1) contains supplementary material, which is available to authorized users. members are present, although the homology to IL-17A-F is not always clear. For example, two genes related to IL-17A and IL-17F and two related to IL-17B and IL-17D are present in elephant shark, in addition to an IL-17C homologue (Venkatesh et al. 2014 ). In bony fish, genes with relatedness to most of the known IL-17 family members occur, although in some cases additional paralogues exist (as with IL-17C), and in one case, a novel family member appears to be present (IL-17N) (Korenaga et al. 2010; Wang et al. 2010) . The additional paralogues are thought to be the result of additional whole genome duplication (WGD) events that have occurred in ray finned fish species before the divergence of the teleosts (3R fish) (Meyer and Van de Peer 2005) and again in some teleost lineages, as with the salmonids (4R fish) (Macqueen and Johnston 2014) . In the case of IL-17A homologues, three genes with homology to IL-17A and IL-17F have been identified in the genomes of zebrafish and fugu and, hence, have been termed IL-17A/F1-3 (Gunimaladevi et al. 2006; Korenaga et al. 2010; Kono et al. 2011) . IL-17A/F1 and IL-17A/F2 are adjacent to each other in the teleost fish genome, with IL-17A/F3 at another locus but with the highest homology to IL-17A/F1. Both loci have some degree of gene synteny with the mammalian IL-17A/IL-17F locus.
In salmonids, only one of the IL-17A/F genes had been discovered before the present study, IL-17A/F2 (Mutoloki et al. 2010; Monte et al. 2013) . This molecule has the highest constitutive expression levels in mucosal tissues (gills, intestine) and is up-regulated in vivo in the kidney in response to pathogen infection and after injection with oil-adjuvanted vaccines. In vitro, a number of stimulants, including pathogenassociated molecular patterns (PAMPs) and mitogens, can also up-regulate trout IL-17A/F2 in head kidney primary cultures (Monte et al. 2013 ). In the only study of fish IL-17A/F bioactivity to date, trout recombinant IL-A/F2 was shown to increase the expression of proinflammatory cytokines and the antimicrobial peptide BD-3 (Monte et al. 2013) . With the sequencing of the salmon and trout genomes in the last couple of years (Davidson et al. 2010; Berthelot et al. 2014) , the time became right to study whether the other isoforms of IL-17A/F exist in salmonids and to ascertain the number of paralogues present. In addition, it is also now possible to determine whether the novel IL-17N is present and, if so, to see if the salmonid sequence information helps shed light on the origins of this curious IL-17 family member.
Methods Identification and cloning of IL-17A/F and IL-17N genes in salmonids
The Atlantic salmon whole genome shotgun (WGS) sequence was searched (TBLASTN-Altschul et al. 1990 ) using fish IL-17A/F and IL-17N protein sequences. Candidate WGS contigs (Table 1) were identified and exons predicted as described previously (Wang et al. 2014a; Qi et al. 2015) . Primers (Table 1) were designed against the predicted exons and used for 5′-and 3′-rapid amplification of complementary DNA (cDNA) ends (RACE) using a mixed SMART cDNA as described previously (Wang and Secombes 2003) . The cloning of the PCR products yielded full-length cDNA sequences from five salmon IL-17A/F genes designated as IL-17A/F1a, 1b, 2a, 2b and 3 and IL-17N, according to their identities to known fish IL-17A/F and IL-17N molecules (Gunimaladevi et al. 2006; Korenaga et al. 2010; Costa et al. 2012; Monte et al. 2013) . In addition, a 3′-RACE product obtained using primers against WGS contig AGKD01056896 was also cloned and sequenced and found to share high identity (%) with salmon IL-17N. However, no relevant open reading frame (ORF) was found due to insertions and deletions that cause a shift in the ORF, suggesting that it is an IL-17N pseudogene (see results).
IL-17A/F2a has been already been cloned in rainbow trout (Monte et al. 2013) . The other trout counterparts of the salmon IL-17A/F and IL-17N genes were amplified from a mixed tissue cDNA sample using primers designed in the 5′-and 3′-untranslated regions (UTR) of the salmon sequences (Table 1) , then cloned and sequenced. The genomic sequences of trout IL-17A/F isoforms were identified from the recent release of the trout WGS contigs (Berthelot et al. 2014) .
In addition, the spotted gar (Lepisosteus oculatus) genome (Amores et al. 2011 ) was analysed for IL-17A/F and IL-17N genes and the corresponding loci, as a species that has not undergone additional WGD events (i.e. is a 2R fish) and is thus a useful outgroup for the sequence analysis.
Sequence analysis
The DNA and protein sequence analysis was as described previously (Wang et al. 2011a) . Briefly, the nucleotide sequences generated were assembled and analysed using the AlignIR program (LI-COR, Inc.). Gene organisation was predicted at NCBI using the Spidey program (http://www.ncbi. nlm.nih.gov/spidey/). Protein identification was carried out at http://www.expasy.org/tools/ (Gasteiger et al. 2005) and the presence of a signal peptide was predicted using SignalP (version 4.1) (Petersen et al. 2011) . Global sequence comparison was performed using MatGAT (Campanella et al. 2003) . A multiple sequence alignment was generated using ClustalW (version 1.82) (Chenna et al. 2003) and shaded using BOXSHADE (version 3.21, http://www.ch.embnet.org/ software/BOX_form.html). A phylogenetic tree of known fish IL-17 molecules was constructed using the neighbourjoining (NJ) method with the pairwise deletion option within the MEGA6.1 program (Tamura et al. 2013 ) and was bootstrapped 10,000 times. The synteny of IL-17A/F loci Salmon IL-17A/F3  S3F1  CGCTGGACGGATGTAAGAAAGACC  3′-RACE  S3F2  GGCTCCGGACGAGTCAAGG  3′-RACE  S3R1  CAACCCCATGTCCTCTTCTCC  5′-RACE  S3R2  TGTTGAGGGACTCGGGTCTC  5′-RACE  S3F  CTGGTGCTGGGTCTGATCATGT  Real-time PCR  S3R  GGTCTCATCGTATGTGTCGCTGTATG  Real-time PCR  Salmon IL-17N  S4F1  CATGCGTCAGTGCCTGTGTG  3′-RACE  S4F2  AGCTAGTCAGCCTGCCCAACC  3′-RACE  S4R1  TCCTCAGCACGGGCATCCT  5′-RACE  S4R2  TACCCGTACAGGAGTGGCTTTC  5′-RACE  S4F  CCGCCTGGAACTACGTGGAAA  Real-time PCR  S4R  GCTTTGTCTGGAAGTGGCGCA  Real-time PCR   Trout IL-17A/F1a  T1aF1  CCAGAACACAGCAGCAGAAAAAGAC  PCR cloning  T1aR1  AATGTGGGGATCAAACCTACAACC  PCR cloning  Trout IL-17A/F1b  T1F1  AGGACCACAACACAGCAACAGA  PCR cloning  T1R1  CATGTAGGGATTGAGCCTTCAACC  PCR cloning  Trout IL-17A/F2b  T2bF1  CGCACCTTCCTCCACTCAAG  PCR cloning  T2bR1  AGTCAATTCTTCTGGCTTTGTGGG  PCR cloning  Trout IL-17A/F3  T3F1  GCAACGTTTCACTCTGAAGAGACAG  PCR cloning  T3R1  CTGGGGAAGTAGACAAAGGGCATC  PCR cloning  Trout IL-17N  T4F1  ACCCACAGCACAGCAGAGACAGA  PCR cloning  T4R1  GATGTCATTGTGGCAAACGACTAAC  PCR cloning  EF-1α EF-1αF CAAGGATATCCGTCGTGGCA Real-time PCR EF-1αR ACAGCGAAACGACCAAGAGG Real-time PCR Salmon IL-1β IL-1βF GCTGGAGAGTGCTGTGGAAGAAC Real-time PCR was analysed using Genomicus (database version 78.01) (Louis et al. 2013) . Finally, the local identities between introns were identified using EMBOSS Matcher program at the European Bioinformatics Institute (http://www.ebi.ac.uk/ Tools/psa/emboss_matcher/nucleotide.html).
Comparative gene expression analysis by real-time RT-PCR
The primers (Table 1) for real-time PCR were designed so that at least one primer crossed an intron, to ensure that genomic DNA could not be amplified under the PCR conditions used. To directly compare the expression level of the different IL-17A/F isoforms and IL-17N, a reference was constructed using equal molar amounts of PCR product from each gene, including the house keeping gene elongation factor-1α (EF-1α). The relative expression level of each sample was normalised against the expression level of EF-1α.
Transcript expression of salmonid IL-17A/F and IL-17N isoforms in vivo
Atlantic salmon were reared in a freshwater aquarium at 12°C and fed with commercial pellets (EWOS) twice daily. Six fish (average weight, 34 g) were killed by a schedule 1 method and 15 tissues (tail fin, gills, thymus, brain, scales, skin, muscle, liver, spleen, gonad (mixed sex, immature gonad), head kidney, caudal kidney, intestine, heart and blood cells) were collected and processed as described previously (Husain et al. 2012; Xu et al. 2014; Jiang et al. 2015) . The RNA preparation, cDNA synthesis and real-time PCR analysis of gene expression were also as described previously (Wang et al. 2011a, b) .
Preparation and stimulation of salmon head kidney cells
The preparation of salmon head kidney (HK) cells was as described previously (Wang et al. 2011a) , with some modifications. The HK was aseptically removed from freshly killed fish and leukocyte suspensions were prepared by passing the tissues through a 100-μm nylon mesh with incomplete medium: L-15 medium (Invitrogen) plus 100 U/ml penicillin, 100 μg/ml streptomycin and 0.5 % foetal calf serum (FCS), supplemented with 10 U/ml heparin. The cells were then centrifuged at 200g for 5 min and washed once using incomplete medium. The cells were re-suspended in complete medium (as for incomplete medium but with 10 % FCS) and a viable leukocyte count performed by trypan blue (Invitrogen) exclusion using a haemocytometer. The cells were diluted to 1.5-2×10 6 leukocytes/ml in complete medium and then seeded into 12-well plates (Nunc) (2 ml cells/well). The cells were then stimulated with PAMPs (LPS, 25 μg/ml; poly I:C, 50 μg/ml), phorbol 12-myristate 13-acetate (PMA, 0.1 μg/ml), phytohaemagglutinin (PHA, from red kidney bean Phaseolus vulgaris, 10 μg/ml) or a variety of recombinant trout cytokines, including rIL-1β (20 ng/ml) (Hong et al. 2001) , rIL-2 (200 ng/ml) (Díaz-Rosales et al. 2009 ), rIL-6 (200 ng/ml) (Costa et al. 2011 ), rIL-21 (100 ng/ml) (Wang et al. 2011a) , rIFN-γ (20 ng/ml) (Wang et al. 2011b ) and rTNF-α (10 ng/ml) (Hong et al. 2013) . All the chemicals were from Sigma-Aldrich and the recombinant cytokine proteins were produced in-house as described previously. These cytokines have been shown previously to be bioactive for salmon cells at the doses and conditions used Husain et al. 2014) and to have high purity (i.e. >95 % for rIL-21, Wang et al. 2011a, b). However, it is not known if they act as monomers or as higher order structures. The stimulants were diluted in complete medium just before addition to the cells. The concentrations chosen for each stimulant were deemed optimal, and the cytokines used were shown to be active for salmon HK cells in previous studies Husain et al. 2014) . The treatments were terminated at 4, 8 and 24 h after the addition of the stimulants, and real-time PCR analysis of expression of IL-17A/F, IL-17N and two marker genes for each recombinant cytokine was performed as described above.
Modulation of IL-17A/F and IL-17N isoforms by vaccination and bacterial challenge
Since IL-17 is a major effector cytokine released from Th17 cells in response to extracellular bacteria, we next studied the expression modulation of the salmonid IL-17A/F and IL-17N molecules in response to infection with/without prior vaccination with Yersinia ruckeri, the causative agent of enteric redmouth disease (ERM), which is responsible for significant economic losses in salmonid aquaculture worldwide (Tobback et al. 2007) . It is possible to induce protective immunity in trout to ERM by injection vaccination if performed at appropriate temperatures (Raida and Buchmann 2008) . Transmission of Y. ruckeri into the host normally occurs by direct contact with infected fish or carriers. It has been suggested that the bacteria first adhere to the gill mucus and then invade the branchial vascular system which facilitates the colonisation of internal organs, including the kidney and spleen (Harun et al. 2011) . We took advantage of samples that were already archived from a previous rainbow trout experiment, performed as described by Harun et al. (2011) but with some modifications. Briefly, rainbow trout were kept in recirculating freshwater at 14°C. The vaccination and challenge experimental procedure was performed under a UK Home Office Project Licence to CJS, approved by a local ethical review committee. A group of 32 trout were vaccinated with the commercial vaccine AquaVac TM ERM (Intervet Schering-Plough) by intraperitoneal (ip) injection with 0.1 ml of vaccine, as recommended by the manufacturer. An additional group of 32 trout was injected ip with 0.1 ml phosphate buffered saline (PBS) to serve as controls. Ten weeks later, the fish were challenged by ip injection with Y. ruckeri strain MT3072 at 0.5 ml/fish (1× 10 6 cfu/ml) or 0.5 ml of PBS as control. The preparation and titration of the bacteria was as described previously (Harun et al. 2011) . Naïve fish start to show signs of disease at day 3 under the same challenge dose, which causes 100 % mortality; thus, the fish were sampled at day 1 and day 2 to examine IL-17A/F and IL-17N isoform expression. Four fish from each group were killed at each sampling point, with gills, HK and spleen collected from each fish, homogenised in TRI reagent (Sigma-Aldrich) and stored at −80°C ready for processing. The average (±SEM) weight of the fish at sampling was 211.6 (±6.3) g.
Statistical analysis
The measurements of real-time PCR were analysed using the IBM SPSS Statistics 22 package (SPSS Inc., Chicago, IL) as described previously (Wang et al. 2011a, b) . The data were expressed initially as arbitrary units after normalisation to the expression level of EF-1α, with the lowest expression level in a data set defined as 1. The data were then log2 transformed to improve the normality of data distribution. One-way analysis of variance (ANOVA) and the LSD post hoc test were used to analyse the expression data. When data consisted of sets of samples from individual fish, a paired sample t test was applied.
Results

Molecular characterisation of IL-17A/F and IL-17N isoforms in salmonids
By analysis of Atlantic salmon WGS sequences, five IL-17A/ F loci and two IL-17N loci have been identified. Six fulllength cDNA sequences were obtained by cloning, in addition to a possible IL-17N pseudogene (Supplementary Figs. S1-7 and Table 2 ). The cDNA sequence of each salmon IL-17A/F isoform (IL-17A/F1a, 1b, 2a, 2b, 3) and IL-17N contains a 5′-UTR, a main ORF and a 3′-UTR with 2-4 ATTTA motifs (Khabar 2010 ); a polyadenylation signal; and a poly A tail (Figs. S1-S6). There are five ATG (s) upstream of the main ORF in salmon IL-17A/F1b and one in IL-17A/F2b, which may have a regulatory role at the translational level (Kochetov et al. 2008) . Four additional IL-17A/F cDNAs for IL-17A/ F1a, 1b, 2b, 3 and IL-17N were also cloned in rainbow trout using primers designed against the relevant salmon sequence (Figs. S8-12). Each trout sequence contains an ORF and has a predicted signal peptide. WGS contigs to each of the trout genes can be identified in the recent release of the trout genome, which covered the full-length cDNA sequence except WGS contig CCAF010087661 that contained only the last exon of the trout IL-17A/F1b gene (Table 3) .
Human IL-17A and IL-17F genes have a three (coding) exon/two intron structure with the first intron phase 0 and the second intron phase II. This is also seen in the known fish IL-17A/F and IL-17N genes, with the exception of the fugu IL-17A/F3 gene, which has an additional phase II intron (Fig. 1) . Two IL-17A/F genes were also discovered by us in the spotted gar (L. oculatus) and had the same general structure (3 exons/2 introns). The salmonid IL-17A/F1a, 1b, 2a, 2b and IL-17N share a similar gene organisation, but in several cases, there was one extra exon present in the 5′-UTR, as seen with salmon IL-17A/F1b and salmon/trout IL-17A/F2b (Fig. 1) . However, also in the case of the salmonid IL-17A/ F3 genes, the gene organisation was divergent, with four coding exons in rainbow trout (as in fugu) or five coding exons in Atlantic salmon, respectively (Fig. 1) . Interestingly, the first 155-bp sequence of the last exon of salmon IL-17A/F3 is missing in the trout IL-17A/F3 cDNA and genomic DNA and encodes a peptide sequence (33 aa) without any identities to other IL-17A/F molecules (Fig. S5) . Lastly, it is noteworthy that the IL-17A/F isoforms of the 3R fish (including the 4R salmonids) can be divided into two groups according to the size of the coding exon 2. This exon in IL-17A/F1 and IL-17A/F3 genes is larger (191-242 bp) than that of IL-17A/F2 and IL-17N genes (164-176 bp, Fig. 1 ), with exon 2 of the 2R spotted gar IL-17A/F and human IL-17A/IL-17F genes being somewhat between these two (197-221 bp) . When examining the gene organisation of IL-17C and IL-17D, it is apparent that they differ from the IL-17A/F genes described above in terms of the coding exon sizes (Fig. 1) . The IL-17D genes from salmonids and other fish species (e.g. zebrafish and fugu, data not shown) have a two exon/one intron structure, but that from human and other mammals (e.g. mouse) have an extra intron in the 5′-UTR.
All of the salmonid IL-17A/F proteins have a predicted signal peptide and mature peptide as in other vertebrate IL-17 molecules. Also, similar to the grouping by exon 2, the mature peptide encoded by the salmonid IL-17A/F1 and IL-17A/F3 genes is larger (140-172 aa/15.86-19.29 kDa) than that of IL-17A/F2 and IL-17N (118-121 aa/13.18-13.94 kDa) (Tables 2 and 3 ). The mature peptides of salmonid IL-17A/ F1a, 1b, 2a, 2b and 3 are basic with a pI of 8.25-10.10 and contain 1-2 potential N-glycosylation sites. However, salmonid IL-17N mature peptides are acidic with a pI of 5.64-6.13 and have no N-glycosylation sites. The amino acid identity/ similarity between salmonid IL-17A/F orthologues is relatively high (84.9-93.5 % identity/90.6-95.9 % similarity) with the exception of salmonid IL-17A/F3 that drops to 75.4 % identity due to the insertion in the last exon of salmon IL-17A/F3 (Table S1 ). It is noteworthy that salmonid IL-17A/F2 molecules generally have higher similarities to salmonid IL-17N (41.5-46.9 %) than to salmonid IL-17A/F1 (37.7-43.3 %) and IL-17A/F3 (32.6-41.3 %) (Table S1) .
Structurally, mammalian IL-17A and IL-17F can form homo-and heterodimers. Each monomer is composed of two pairs of antiparallel β-sheets (strands 1-4), with the second and fourth strands connected by two disulphide bonds in a manner homologous to that of the cysteine-knot family proteins (Hymowitz et al. 2001; Ely et al. 2009) . A multiple alignment of the mature peptide from known fish (including gar and salmonids) and mammalian IL-17A and IL-17F revealed a general structural conservation. The four β-strands and the four cysteine residues connecting β-strands 2 and 4 (Fig. 2) . Two additional cysteine residues, one at the N-terminal and the other between β-strands 3 and 4, are also conserved in 3R fish IL-17A/F2, IL-17N, the two IL-17A/F from 2R spotted gar and the IL-17A/IL-17F molecules in mammals. In contrast, a potential N-glycosylation site close to the β-strand 1 is conserved in most of the 3R fish IL-17A/ F1 and IL-17A/F3, one of the gar IL-17A/F molecules and in IL-17A (Fig. 2) . One additional N-glycosylation site is also conserved in 3R fish IL-17A/F1. Interestingly, there is a basic K/R-rich region (Marfori et al. 2011 ) lying between β-strands 3 and 4 in all IL-17A/F3 molecules.
Evolutionary analysis of fish IL-17A/F and IL-17N molecules
To help clarify the relationship of the fish IL-17 molecules now that the full repertoire of the salmonid and gar IL-17A/ F molecules have been found, an unrooted phylogenetic tree 
C4 C5C6
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NA-DG--NVDYHMNSVPIQQEILVLRR---EPPHCPNS------------FRLEKILVSVGCTCVTPIVHHVA----132 Mouse IL-17A NA-EG--KLDHHMNSVLIQQEILVLKR---EPESCPFT------------FRVEKMLVGVGCTCVASIVRQAA----133 Human IL-17F NA-QG--KEDISMNSVPIQQETLVVRR---KHQGCSVS------------FQLEKVLVTVGCTCVTPVIHHVQ----133 Mouse IL-17F NA-QG--QEDSTMNSVAIQQEILVLRR---EPQGCSNS------------FRLEKMLLKVGCTCVKPIVHQAA----133 Salmon IL-17A/F1a NV-AG--KEDRSLESKPIYHQILVLRKVMGSVDRYY--------------YRLESKIIVVGCTCVRPSIEHQQ----142 Trout IL-17A/F1a NV-AG--KEDRSLESKPIYHQILVLRKVMGSKDRYY--------------YRLEAKIIAVGCTCVRPSIEHQQ----140 Salmon IL-17A/F1b NI-KG--KEDRNLKSKPIFYQILVLRMVMGSGKKCH--------------YRLESKVISVGCTCVRPTIEQ------142 Trout IL-17A/F1b NI-KG--KEDRNLKSKPIFYQILVLRKVMGSGKKCH--------------YRLESKVISVGCTCVRPTIEQ------142 Tilapia IL-17A/F1 NS-QG--QEDRNLESRPIMHQVLLLRRIRPEGSADYH-------------YRLESRLISVGCTCVKPVVRIQQ----127 Medaka IL-17A/F1 NL-EG--KEDLSLESRPIMHQVLVLRRVRAAG-HSYD-------------YHLESRLIAVGCTCVKPVVQVQQ----128 Fugu IL-17A/F1 DS-EG--QEDQSLESKPIMRQVLLLRKVSSEEGAGHSYH-----------FRLESRLVAVGCTCIRPVVLHHQ----135 Salmon IL-17A/F3 TP-DG--EEDMGLESKPIRHQTLVLRRVQGEMGSSGGRR-KKGKK-KGYFYKLESESVNVGCTCVLAFRGRFFLATV 172* Trout IL-17A/F3 TP-GG--EEDMGLESKPILYQTLVLRRVQGEKGSSGGRRRKKGRKNKGYFYKLDSESVNVGCTCVRPSIFPQKQ---151 Tilapia IL-17A/F3 SP-QGG-GEDRALEAKPIKYEVLVLHRVL---KPS---KKKGRQARKQYIFTLGTEVITAGCTCVRPTVIPQG----141 Fugu IL-17A/F3 SL-RGE-GEDAALEAAPIYYPTLVLHRVP---KQRKANKKKGRSSREKYEFQLRTAVVSVGCTCVRPTVIPQQ----139 Medaka IL-17A/F3 R--DG--VEDDALEAKPIQYQILVLYRVQ---KQQSVGKKKKKKSRK-YDFMLGTQVITVGCTCVRPSVITQQ----138
K/R rich 4 3 2 1 aa Fig. 2 Multiple alignment of IL-17A/F and IL-17N molecules. IL-17A/F and IL-17N mature peptide sequences from selected 3R fish (including the 4R salmonids), 2R spotted gar (gar) and mammals (human and mouse) were aligned using ClustalW (Chenna et al. 2003 ) and manually adjusted. The conserved aa were shaded using BOXSHADE (V3.21). The (predicted) four core β-strands (1-4) and six conserved cysteine residues are marked above the alignment. The two pairs of cysteine residues that form two disulphide bonds between strands 2 and 4 are connected. Two somewhat conserved N-glycosylation sites are indicated by down arrowheads below the alignment. A basic K/R-rich region in IL-17A/F3 is highlighted by a bar. The amino acid residues across the second intron in the coding region of all the IL-17A/F genes are indicated by a down arrow and those across the third intron of IL-17A/F3 genes are indicated by an up arrow. The length (aa) of each mature peptide is indicated at the end of alignment. The accession numbers for sequences used in this alignment are given in Fig. 3 . Note, the last 20 aa of salmon IL-17A/F3 was removed from the alignment of known fish IL-17 sequences was constructed (Fig. 3) , based on the multiple alignment in Fig. S13 . The groupings of 3R fish IL-17A/F1, IL-17A/F2, IL-17A/F3, IL-17N, IL-17C and IL-17D were all well supported as expected (Wang et al. 2014b; Secombes et al. 2011) . It was also clear that IL-17A/ F1 and IL-17A/F3 were closely related, with one of the gar IL-17A/F branching at the base of this clade. Most interesting was the strong support linking the IL-17A/F molecules and the IL-17N genes (94 %), and whilst the second gar IL-17A/F branched with the (3R fish) IL-17A/F2 molecules, there was a grouping that consisted of the IL-17A/F2 and IL-17N.
To further clarify the evolutionary relationship of the fish IL-17A/F genes, synteny analysis was performed using the Genomicus program (Louis et al. 2013 ). The tetrapod (human and chicken) IL-17A and IL-17F genes are aligned head to head and linked to the MCM3 and PAQR8 genes that are also linked to fish IL-17A/F genes in spotted gar, tilapia and zebrafish (Fig. 4) , suggesting a common origin of these genes. However, the transcriptional direction of IL-17A/F1 and IL-17A/F2 is in the opposite orientation (tail to tail) in both 2R and 3R fish, indicating that a local gene duplication of IL-17A/F genes may have happened independently in fish and in tetrapods. IL-17A/F1 Fig. 3 An unrooted phylogenetic tree of known fish IL-17 family members. The tree was constructed using amino acid multiple alignments and the neighbour-joining method within the MEGA6 program (Tamura et al. 2013) . Node values represent percent bootstrap confidence derived from 10,000 replicates, and those at the roots of each clade are highlighted with a circle. The salmonid genes reported in this study are shaded. Tentative groupings of the fish IL-17 family members are indicated on the right. The spotted gar IL-17A/F1 and IL-17A/F2 were derived from Ensembl genes ENSLOCG00000015957 and ENSLOCG00000015959, respectively. The accession numbers of the molecules used are as follows: for IL-17A/F1 molecules, K4PBM6 (turbot), E3WEA7 (medaka), BAI82578 (fugu), I3J5T4 (tilapia) and Q5TKT4 (zebrafish); for IL-17A/F3 molecules, E3WEA9 (medaka), I3IYE4 (tilapia), BAI82580 (fugu), W5U9A5 (catfish) and Q5TKT0 (zebrafish); for IL-17A/F2 molecules, Q5TKT3 (zebrafish), BAI82579 (fugu), E3WEA8 (medaka) and I3J5T2 (tilapia); for IL-17N molecules, E3WEB2 (medaka), XP_003459056 (tilapia) and D4AHP7 (fugu); for IL-17C molecules, D4AHP4 (fugu C1) D4AHP5 (fugu C2), I3J8T3 (tilapia C1), I3J5W0 (tilapia C2), E3WEB0 (medaka), W5UD15 (catfish), F1QI25 (zebrafish), D4HTR8 (trout C1) and D4HTR9 (trout C2); and for IL-17D molecules, W5UD84 (catfish), Q5TKT1 (zebrafish), E3WEB1 (medaka D1), H2MCF1 (medaka D2), D4AHP6 (fugu), B5X8Q6 (salmon) and Q70I20 (trout) locus (with linked genes EMILIN1, GPN1, STMN4, MCM3, PAQR8, ZNF395b and PNOCB) in the 2R spotted gar is well conserved as two loci in different chromosomes in the 3R fish (e.g. tilapia and zebrafish). The 3R fish IL-17A/F1 and IL-17A/F3 genes share a conserved transcriptional direction with the 2R gar IL-17A/F1 gene (Fig. 4) and group together in the phylogenetic tree (Fig. 3) , suggesting that they are paralogues of 2R fish IL-17A/F1. No synteny could be identified in the fish IL-17N loci with other IL-17 loci as reported by Kono et al. (2011) .
The incompleteness of the genome sequence prevents synteny analysis of the IL-17A/F genes in salmonids. To shed light on the origin of salmonid IL-17A/F paralogues, the identities of intron sequences were analysed using the EMBOSS Matcher program that identifies local similarities (Table S2 ). Both intron 1 and intron 2 in the coding region share the highest identities (81-94.5 %) between salmonid IL-17A/F orthologues, e.g. IL-17A/F1a from salmon and trout. They also share high identities (68.9-81.6 %) between paralogues of salmonid IL-17A/F genes, e.g. IL-17A/F2a and IL-17A/ F2b from salmon, trout or to each other. The local intron identities between paralogues are apparently higher than between different subfamily members, e.g. 77.8-81.6 % between IL-17A/F1 paralogues, but only 54.8-67.8 % between IL-17A/F1 and other subfamily members (Table S2 ). These data suggest that the paralogues of IL-17A/F1 and IL-17A/F2 indeed arose from the salmonid WGD.
Tissue expression patterns of IL-17A/F and IL-17N isoforms in Atlantic salmon
Comparative examination of the expression of IL-17A/F isoforms in Atlantic salmon tissues from six healthy fish was next performed. Differences were seen between the different isoforms and, in some cases, the two IL-17A/F1 and IL-17A/F2 paralogues (Fig. 5) . For example, IL-17A/F1a was more highly expressed in the heart, intestine and thymus relative to IL-17A/F1b, but the latter was more highly expressed in liver, scales, brain and caudal kidney. With the IL-17A/F2 paralogues, IL-17A/F2a was more highly expressed in the heart, liver, intestine, skin, gills, thymus, tail fin and caudal kidney, with IL-17A/F2b only significantly higher in the head kidney. IL-17A/F3 was most highly expressed in the caudal kidney, spleen, brain, gills, intestine and thymus. Lastly, IL-17N was most highly expressed in the brain, followed by the gonad, spleen, blood cells, head kidney and thymus. Of the different isoforms, IL-17A/F2a had the highest expression level in the gills, followed by IL-17N in the brain and IL-17A/F1b in the scales, brain and caudal kidney.
Modulation of expression of Atlantic salmon IL-17A/F isoforms and IL-17N in vitro
The HK is a major lymphoid tissue in fish and contains many types of immune cells including T cell, B cells, macrophages and others. Hence, HK cells were used to investigate the potential modulation of IL-17A/F and IL-17N gene expression by a variety of immune stimulants, including PAMPs, mitogens and cytokines. The expression of salmon IL-17A/F isoforms and IL-17N was refractory to stimulation with LPS and poly I:C at 4 and 8 h (Fig. 6) . However, at 24 h, IL-17A/F3 expression was slightly decreased (0.6-fold) in LPSstimulated samples and increased after poly I:C stimulation (4.0-fold), whilst IL-17A/F1b was slightly decreased by poly I:C. PHA up-regulated the expression of IL-17A/F1a and IL-17A/F2a from 4 h, which peaked at 8 h with a 12-fold and 82-fold increase, respectively, with the effects lost at 24 h. PMA strongly up-regulated the expression of IL-17A/F1a (121-fold at 8 h) and IL-17A/F2a (18-fold at 8 h) from 4 to 8 h and IL-17A/F2b and IL-17A/F3 at 8 h, with the effect waning by (Fig. 6) . Recombinant cytokines that might potentially affect the expression of IL-17A/F and IL-17N genes were also tested in salmon HK cells. Six trout recombinant cytokines, IL-1β, IL-6, TNF-α, IFN-γ, IL-2 and IL-21, have been shown to be active in salmon HK cells by assessing the up-regulation of marker gene expression for each cytokine, i.e. IL-1β1 and TNF-α1 for IL-1β, cathelicidin (CATH)2 and IL-6 for IL-6, TNF-α1 and CATH1 for TNF-α3, γIP and IL-12 p35a1 subunit for IFN-γ and γIP and IFN-γ for IL-2 and IL-21 (Fig. 7) . In terms of their effects on IL-17A/F and IL-17N expression, in general, no effects were seen at 4 h post-stimulation with the exception of a small increase of IL-17A/F1b expression by IL-2 (2-fold) and IL-21 (2-fold) and of IL-17A/F3 by IL-21 (5-fold) (Fig. 8) . IL-1β decreased the expression of IL-17A/ F1b at 8 and 24 h but had no effects on the other genes at these times. IL-6 had a small stimulatory effect on IL-17A/F3 expression at 24 h (2-fold). IFN-γ decreased the expression of IL-17A/F3 at 8 h and IL-17N at 24 h. TNF-α weakly increased IL-17A/F1a expression at 8 h (2-fold) but decreased IL-17N expression at 24 h. IL-2 increased IL-17A/F2b expression at 8 h (3-fold) but decreased IL-17A/F2a expression at 24 h. Lastly, IL-21 was a potent inducer of IL-17A/F1a (increased up to 12-fold) and IL-17A/F3 (increased up to 8-fold) but had no effect on the expression of IL-17A/F2a/b and IL-17N (Fig. 8) .
Modulation of expression of rainbow trout IL-17A/F isoforms and IL-17N in vivo by vaccination and bacterial challenge
The expression of IL-17A/F isoforms and IL-17N was investigated in the gills, spleen and HK of control and vaccinated fish injected with Y. ruckeri or PBS as control. The relative expression of IL-17A/F genes in tissues of PBS-injected control fish is shown in Fig. S14 . For simplicity, the expression levels were expressed as arbitrary units where one unit in each tissue equals the average expression level in the PBS-injected Expression relaƟve to EF-1α (X1000,000) HK head kidney, CK caudal kidney control group at day 1 (Fig. 9) . In unvaccinated control fish, Y. ruckeri infection resulted in an up-regulated expression in the spleen of IL-17A/F1a (18-fold at day 1 and 148-fold at day 2), IL-17A/F2a (8-fold at day 2), IL-17A/F3 (6-fold at day 2) and IL-17N (4-fold at day 1 and 8-fold at day 2). It also increased the expression of IL-17A/F1a (32-fold at day 1 and 33-fold at day 2) and IL-17N (5-fold at day 2) in the HK (Fig. 9) . In vaccinated fish, Y. ruckeri challenge did not alter the expression of IL-17A/F1a, 2a, 2b and 3 and IL-17N in any of the three tissues examined, suggesting that an inflammatory immune response had not been initiated in vaccinated fish. Interestingly, the expression of IL-17A/ F1b was maintained at a higher level in gills (4-fold) and HK (4-fold) in vaccinated fish 2 days after challenge when the expression level had dropped significantly in vaccinated fish injected with PBS (Fig. 9b) . It is also noteworthy that the vaccinated fish expressed a higher level of IL-17A/F2a in the gills at day 2, compared to the control fish (Fig. 9c) .
Discussion
It is clear that salmonids, as with other teleost fish groups, possess multiple IL-17A/F isoforms, with IL-17A/F1 and IL-17A/F2 apparently the result of a tandem duplication event. This duplication possibly occurred early in bony fish evolution as two genes are also present in the equivalent locus in the holostean gar from our analysis of the IL-17A/F locus following the release of the gar genome (Amores et al. 2011) . Interestingly, this is a region that shows gene synteny with tetrapod IL-17A/IL-17F loci and both the teleost fish IL-17A/F1/IL-17A/F2 and IL-17A/F3 loci. With the third WGD event that occurred at the base of the teleost lineage, it is likely that this locus was duplicated giving rise to a second locus that potentially contained IL-17A/F3 and an IL-17A/F4. The existing IL-17A/F3 gene has high homology with IL-17A/F1, as seen in other fish species and now also in salmonids. With the new sequences from this study, it is becoming clearer that the novel IL-17 molecule (IL-17N) discovered in fugu (Korenaga et al. 2010 ) may be this missing IL-17A/F4 molecule, since it has relatively similar gene organisation, high homology to IL-17A/F2 and several conserved features of the protein that it encodes. Whilst the phylogenetic tree analysis is not conclusive, nevertheless, it strongly implies that IL-17N does indeed belong to the IL-17A/F subfamily. In salmonids, a fourth WGD event has occurred, such that multiple paralogues of the IL-17A/F molecules may be present, as seen with the salmonid IL-17A/F1 and IL-17A/F2 genes. A second paralogue of IL-17N was also found, but due to insertions and deletions that cause a shift in the ORF, it is a likely pseudogene. No other IL-17A/F3 genes were found and the expected second paralogue appears to have been lost during salmonid evolution.
Analysis of the gene organisation revealed that IL-17A/F3 was unusual in having four or five exons. In the fugu and trout genes, the last two exons may result from an intron insertion (phase II) into the last exon of the IL-17A/F3 gene in other fish species. Hence, this insertion potentially happened after the divergence of the Ostariophysi from the main teleost lineage. A further intron insertion (phase 0) appears to have happened in the last exon, after the divergence of Atlantic salmon from rainbow trout, giving a unique five exon/four intron structure to the salmon gene. Interestingly, the first 155-bp sequence of the last exon of salmon IL-17A/F3 is missing in the trout IL-17A/F3 cDNA and genomic DNA, but is present in the genomes of rainbow trout and Atlantic salmon as hundreds of copies, suggesting that there was a species-specific insertion of a transposable element. IL-17A/F3 is also the only isoform in which there is a basic K/R-rich region lying between β-strands 3 and 4 that may function as a nuclear localisation signal (Marfori et al. 2011) .
Differences in the expression profile of the different IL-17A/F isoforms and IL-17N have been noted previously in zebrafish and fugu (Gunimaladevi et al. 2006; Korenaga et al. 2010) , although some differences between species are also apparent. In the case of IL-17A/F1, it is highly expressed in the intestine in zebrafish and turbot (Costa et al. 2012) , with relatively low expression levels elsewhere. IL-17A/F2 has a wider tissue distribution in zebrafish and trout (IL-17A/F2a- Monte et al. 2013) , with the skin having the highest expression level in fugu. IL-17A/F3 is highly expressed 
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Time and gene in the gills and intestine in zebrafish or gills and spleen in fugu. Lastly, IL-17N has been shown to be highly expressed in the head kidney of fugu. The comparative expression results for the salmon genes presented here also show that differences exist between the isoforms, but that this is complicated by the presence of the pairs of paralogues in the case of IL-17A/F1 and IL-17A/F2. In general, the immune tissues and mucosal sites have a relatively high expression level, with tissues such as the heart, liver and muscle being relatively low. Curiously, the brain has a high expression level of most of these genes, suggesting a role in the nervous system. Perhaps more importantly is the modulation of expression of these genes seen following stimulation. Most previous studies have been quite limited in terms of the stimulants used or the isoforms compared. For example, in fugu, LPS stimulation of head kidney cells was shown to increase IL-17A/F3 and IL-17N expression in a comparative study of IL-17 isoforms (Korenaga et al. 2010) . In turbot, studies of IL-17A/F1 have shown that in vivo exposure to Aeromonas salmonicida or in vitro stimulation of cells with PMA increases IL-17A/F1 expression (Costa et al. 2012) , whilst in trout, our previous studies on IL-17A/F2a have shown in vivo infection (bacteria, virus and parasite) or in vitro stimulation with PMA, calcium ionophore and PHA, are all good inducers (Monte et al. 2013) . IL-17A/F2 is also increased in the head kidney of carp infected with Trypanoplasma carassii (but not Trypanoplasma borreli) (Ribeiro et al. 2010) . In the best comparative study to date , it has been shown that bath vaccination (with attenuated Vibrio anguillarum) of zebrafish induces all three IL-17A/F isoforms at mucosal sites (gills, gut, skin), with the exception of IL-17A/F3 in gills, with a particularly marked increase of IL-17A/F2 in the gut. In contrast, injection vaccination increased all three isoforms in the skin but only IL-17A/F2 in the gills and none in the gut. Following bath challenge of the vaccinated fish 28 days later, all three isoforms were again induced at these sites (except IL-17A/F3 in gills) in bathvaccinated fish. In injection-vaccinated fish, the challenge induced higher responses in the gills, lower responses in the skin and none in the gut.
In the present study, we show that PHA and PMA are good inducers of IL-17A/F2a in salmon (head kidney cells), as seen previously in trout, and also highly up-regulate IL-17A/F1a and to some degree IL-17A/F2b and IL-17A/F3. Curiously, they do not affect IL-17A/ F1b and IL-17N expression. We also see no induction by poly I:C with the exception of IL-17A/F3 (in agreement with our previous study of IL-17A/F2a), despite the fact that viral infection induced IL-17A/F2a expression in trout (Monte et al. 2013) . Of the cytokines tested, it was clear that rIL-21 was the most potent stimulator, for IL-17A/F1a and IL-17A/F3 but not the other isoforms. The other cytokines had relatively small effects with no clear trends. Upon bacterial infection (of trout), there was a large response seen on IL-17A/F1a and IL-17N expression in the spleen at days 1 and 2, with a similar effect in the kidney with IL-17A/F1a and at day 2 in the spleen for L-17A/F2a. We had previously also seen a later (day 2) induction in the kidney for IL-17A/F2a that was not apparent at this time. Curiously, in the vaccinated fish, only one significant increase was seen relative to control fish, of IL-17A/ F2a in the gills at day 2, whether the fish were challenged with Y. ruckeri or given the saline placebo. Also, it was apparent that in the gills and head kidney of saline-injected vaccinated fish, the level of IL-17A/F1b had decreased by day 2, whilst in the Y. ruckeri-challenged fish, no decrease was seen. It is not clear how these findings relate to disease resistance in these fish, but conversely, it would seem that high levels of IL-17A/F1a and IL-17N in the spleen and/or head kidney (at these timings) are not protective.
In conclusion, we have identified four additional IL-17A/F isoforms in salmonids, as well as IL-17N. IL-17A/F1 and 2 exist as two paralogues, with a predicted pseudogene of IL-17N apparent in the salmonid genome that was likely the second paralogue of this molecule. Our sequence analysis with these new genes strongly suggests that IL-17N is an IL-17A/F and likely a gene related to IL-17A/F2, with the IL-17A/F locus likely duplicated by the third WGD event at the base of the teleosts and with IL-17N subsequently moving elsewhere in the genome. The relative importance of these isoforms for disease resistance remains to be determined, complicated by the differing expression patterns seen upon stimulation and infection.
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